Objective: Alcohol consumption promotes insulin sensitivity. In obesity, a decrease in body fat levels decreases the risk of developing insulin resistance; therefore, it is possible that alcohol improves insulin sensitivity by negatively affecting body fat. The aim of this study was to determine whether alcohol consumption promotes insulin sensitivity by reducing body fat levels in C57BL/6 male mice. Methods: We examined the effects of alcohol consumption on insulin sensitivity in male mice with three different body weight (BW) phenotypes. The BWs were induced by feeding the mice a 30% calorie-restricted (CR) regimen, a low-fat (LF) diet and a high-fat (HF) diet. The mice had free access to water or 20% ethanol in the drinking water. To determine the effects of the three different BW phenotypes and of alcohol on glucose regulation and insulin sensitivity, we performed the insulin tolerance test (ITT) and glucose tolerance test (GTT) on the mice. The effects of the diets and alcohol on body composition, percent body fat (% BF), percent lean mass and bone mineral density (BMD) were determined by dual-energy X-ray absorptiometry (DEXA). Results: Data show that mice with the highest body fat levels (HF) were insulin resistant and glucose intolerant. In contrast, mice with the lowest body fat levels (CR) were the most insulin sensitive and cleared the injected endogenous glucose the fastest. Results show that alcohol did not affect GTT in any of the BW phenotypes. However, alcohol consumption promoted insulin sensitivity in mice consuming both the LF and HF diets. Alcohol consumption increased insulin sensitivity without affecting body fat levels, as body fat levels were similar in mice consuming the LF or HF diets and drinking either water or alcohol. Conclusions: Alcohol consumption promotes insulin sensitivity without affecting body fat levels in mice consuming LF and HF diets.
Introduction
Obesity has reached epidemic proportions in the United States, as nearly two-third of the US adults are either overweight or obese. [1] [2] [3] Following this trend, about threefourth of the population could be overweight or obese by 2015. 1 Obesity is associated with insulin resistance, which is a state of reduced responsiveness of tissues to the physiological actions of insulin, consequently resulting in the development of diabetes. 3, 4 Alcohol consumption decreases the risk of becoming insulin resistant and developing diabetes. [5] [6] [7] [8] [9] [10] The mechanism(s) of how alcohol consumption improves insulin sensitivity is not known. However, it is well known that a decrease in body weight (BW) or body fat levels decreases the risk of developing insulin resistance; therefore, it is possible that alcohol improves insulin sensitivity by negatively affecting weight gain or body fat levels. In humans, insulin resistance is proportionally associated with body mass index (BMI). 4, 11, 12 That is, individuals with a high BMI have a higher risk of developing insulin resistance compared with individuals with a lower BMI. [12] [13] [14] [15] [16] In this study, we determined the effects of alcohol consumption on insulin sensitivity in lean, overweight and obese mice. For this purpose, overweight mice were generated by feeding them a low-fat (LF) diet (5%) ad libitum; lean mice were generated by feeding them 30% fewer calories per day than overweight mice; and obese mice were generated by feeding them a high-fat (HF) diet (35%) ad libitum. The mice had free access to either plain water or drinking water with alcohol. The objective of this study was to determine whether alcohol consumption improves insulin sensitivity by decreasing BW or body fat levels. Results show that alcohol consumption promotes insulin sensitivity; however, the insulin-sensitizing effects of alcohol are not due to a decrease in BW or a decrease in body fat levels in alcohol-consuming mice.
Materials and methods

Animals
A total of 90 specific pathogen-free male mice were obtained from Charles River Laboratories (Wilmington, MA, USA) at 6 weeks of age and housed according to NIH guidelines (National Research Council, 1996) in the Animal Resource Center at the University of Texas at Austin. The animal protocol was approved by the Animal Care and Use Committee at UT,Austin. The mice were singly housed in a room at a temperature of 22-241C and kept on a 12 h light-dark cycle. After 1 week of acclimation, the mice were randomized and put into six treatment groups defined by diet composition and liquid intake. The average weight of the mice upon initiating the study was 20 ± 0.07 g. The mice were placed in one of the following six diet treatments (15 mice per group) for 20 weeks: mice consuming waterF(1) calorie-restricted (CR) regimen, (2) LF diet, (3) HF diet; mice consuming alcoholF(4) (CR) regimen, (5) LF diet and (6) HF diet. All diets were obtained from Research Diets Inc. (New Brunswick, NJ, USA). The mice in the CR regimen were 30% calorie restricted (30% CR). The LF diet was composed of 19% protein, 67% carbohydrate and 5% fat (Research Diet no. D12450B), and the HF diet was composed of 26% protein, 26% carbohydrate and 35% fat (Research Diet no. D12492). The diet fed to the 30% CR mice was a modified version of the overweight formulated diet, such that the daily aliquots of food they received provided 70% of the mean daily caloric portions, but 100% of the vitamins, minerals, fatty acids and amino acids of the respective overweight groups. The CR diet was composed of 27% protein, 54% carbohydrate and 6% fat (Research Diet no. D03020702). All mice consumed either water or 20% w/v alcohol ad libitum throughout the study. Body weights, food consumption and liquid consumption were measured weekly.
Glucose tolerance test and insulin tolerance test
To determine the effects of alcohol consumption on glucose regulation and insulin sensitivity, the insulin tolerance test (ITT) and glucose tolerance test (GTT) were performed in the animals. The ITT was performed after depriving the mice of food for 6 h, at which point they were given an intraperitoneal injection of insulin (0.75 U kg -1 ). The GTT was performed after an overnight fasting of 12 h, by injecting 20% glucose intraperitoneally (2 g kg -1 ) in the mice. In both the ITT and GTT, blood glucose was measured using a Glucometer Elite (Bayer, Elkhart, IN, USA). 17 Approximately half a drop of blood was drawn from the tail of each mouse. Blood glucose levels were recorded at 0, 15, 30, 60 and 120 min. The GTT and ITT were examined at 18 weeks on the study.
Body composition analyses in mice
Body composition in the mice was calculated with dualenergy X-ray absorptiometry (DEXA) using a GE Lunar Piximus II densitometer (Madison, WI, USA), as described earlier. 16 Using this method, we determined percent body fat (% BF), lean mass and bone mineral density (BMD).
Statistical analysis
To calculate the statistics for these experiments, we used a non-parametric test, an independent t-test, analyses of variance (ANOVA) with the Scheffe post hoc, and correlation and regression using Statistical Package for Social Studies (SPSS 15) software. All presented data are illustrated as mean±s.e.m. In this study significance was considered at Po0.05.
Results
Induction of lean, overweight and obese body weight phenotypes in mice The BW phenotypes were induced by three different diets: 30% CR, 5% LF and 35% HF. The baseline mean BW for all the groups was 20 g. Figure 1 shows that 30% CR mice had the lowest BW (lean), mice consuming the LF diet (5%) had an intermediate BW (overweight) and mice consuming the HF (35%) diet had the highest BW (obese).
There was no statistical difference in BWs between obese mice consuming water and obese mice consuming alcohol (P40.05). However, 30% CR mice consuming alcohol had a statistically higher BW than 30% CR mice consuming water (Po0.01). Moreover, LF mice consuming alcohol had lower BWs than LF mice consuming water (Po0.05).
Calorie consumption
The average calories consumed from food and alcohol among the various groups are presented in Table 1 . Among water-consuming mice, the CR mice consumed 8.3 ± 0.03 calories, LF mice 12.8±0.10 calories and HF mice 15.1±0.14 calories. Among alcohol-consuming mice, the CR mice consumed 12.3 ± 0.03 calories (4 ± 0.03 from alcohol), LF mice 14.7±0.16 calories (3.7±0.05 from alcohol) and HF mice 16.9 ± 0.13 calories (3 ± 0.03 from alcohol). Overall, the alcohol-consuming mice consumed more total calories than mice consuming water. The alcohol-consuming mice consumed about 18-35% of the total calories from alcohol.
Effects of alcohol consumption on body composition
The body composition of mice carcasses was measured to determine % BF, percent lean body mass (% Lean) and BMD (Table 2) . Table 2 shows the final BW of the mice the day they were killed, BW gained over the course of the study (BWG), % BF, % Lean and BMD. All factors of body composition were significantly different among all the different diet groups Alcohol consumption promotes insulin sensitivity J Hong et al (CR, LF and HF) (Po0.001). However, % BF, % Lean and BMD were not significantly different between water-consuming and alcohol-consuming mice (P40.05). The CR mice showed the lowest % BF and BMD but the highest % Lean, whereas the HF mice showed the highest % BF and BMD, but the lowest % Lean.
Effects of alcohol consumption on glucose tolerance and insulin tolerance tests
To determine the effects of the BW phenotypes and alcohol on glucose regulation and insulin sensitivity, we performed GTT and ITT on the mice. The GTT reflects not only insulin sensitivity but also b-cell function. Results show that the CR mice were glucose tolerant ( Figure 2) ; that is, they cleared the injected glucose more rapidly than the LF and HF mice. The obese mice consuming the HF diet cleared the endogenous glucose at the slowest rate. Alcohol consumption did not affect the GTT of the mice in any of the weight categories (CR, LF and HF). Thus, the HF mice glucose tolerance was significantly impaired compared with CR and LF mice consuming either water or alcohol. The ITT, which reflects whole body insulin sensitivity, was impaired in the HF mice Alcohol consumption promotes insulin sensitivity J Hong et al compared with the LF mice. Alcohol consumption overcame some of the insulin resistance in the HF mice, and in fact, alcohol consumption increased insulin sensitivity in both the LF and HF mice (Figure 3) . Among the groups, the blood glucose levels at each time point were significantly lower (Po0.05) in the alcohol-consuming mice than in the waterconsuming mice in the same diet category. Insulin tolerance was not tested in lean mice as an additional decrease of preexisting low blood glucose levels causes severe hypoglycemia.
Discussion
The objective of this study was to determine whether alcohol intake improves insulin sensitivity by reducing body fat levels. Epidemiological studies show that obesity increases the risk of diabetes. [12] [13] [14] [15] High-fat diets and excessive food consumption increase the amount of body fat and promote insulin resistance in humans and mice. 18, 19 Our studies show findings similar to other published results: obese mice consuming a HF diet gained high levels of body fat and became insulin resistant when compared with mice consuming a LF diet or a CR regimen. Results also show that alcohol-consuming mice had lower fasting blood glucose levels compared with water-consuming mice. Alcohol consumption did not affect the GTT in any of the weight categories (CR, LF and HF diet groups). However, alcoholconsuming mice were significantly more sensitive to insulin compared with the water-drinking mice at each time point after injection of insulin (Po0.05; see Figure 3 ). Our studies ; and mice on the HF diet had body fat levels similar to obese people, having a BMI of Z30 kg/m 2 . 22 With these in mind, we set out to determine whether alcohol consumption affected insulin sensitivity in lean (CR), overweight (LF) and obese (HF) mice by affecting body fat levels. Results show that CR mice had the lowest % BF and were the most insulin sensitive, and that HF mice had the highest % BF and were the most insulin resistant (Table 2 and Figure 3) . Others have shown similar findingsFthat body fat is strongly and positively correlated with insulin resistance. 1, 4, 23 We repeated these findings in our studies.
Epidemiological studies on the link between alcohol consumption and BW are conflicting; some studies show a positive relationship, in which increased alcohol intake is associated with higher BW, 10, 24, 25 whereas others show a negative relationship, in which increased alcohol intake is associated with lower BW; 26, 27 still others show no relationship. 28 The lack of a clear trend in these studies is likely because of the large number of confounders associated with human studies. In epidemiological studies, it is difficult to determine a person's body composition when he first starts consuming alcohol, or to determine to what degree alcohol consumption affects his BW relative to other factors such as concomitant food intake or patterns of physical activity. Furthermore, factors such as frequency and duration of alcohol consumption are difficult to control in humans. In animal studies, however, many of these confounders can be eliminated, as experimental subjects can be closely monitored throughout the study, and exact amounts of alcohol and non-alcohol calories consumed by the animals can be documented. Our animal studies show that alcoholconsuming animals tended to have a lower BW and a lower per cent of body fat; however, the trend was not significant (Table 2) . Furthermore, alcohol-consuming mice were more sensitive to insulin and cleared their blood glucose levels more quickly as a response to exogenous insulin injections compared with water-consuming mice. Thus, our data show that alcohol consumption increases insulin sensitivity without altering body fat levels. Our results are in agreement with those of Dixon et al. [29] 29, who show that moderate alcohol intake increased insulin sensitivity and decreased risk of diabetes in extremely obese men. Our studies show that alcohol consumption increased insulin sensitivity in both mice consuming a LF diet(overweight mice) and mice consuming a HF diet (obese mice). Gigleux et al. [5] 5 also showed that alcohol consumption decreased the risk of obese individuals (BMI 430 kg/m 2 ) developing diabetes. 5 Studies by other researchers show a negative association between insulin resistance and alcohol consumption. 11, 20, [30] [31] [32] [33] For example, studies by Kang et al. 34 and
Wannamethee et al. 33 show that glucose metabolism was disrupted with heavy alcohol consumption; they also show that insulin resistance associated with alcohol consumption was linked with a disruption in the Akt-signaling pathway. 31, 34 In their studies, however, rats consumed an ethanol-containing liquid diet, which contained high levels of fat. 32, 34 Our results (Figure 3a) and those of others 19, 35 show that a HFdiet can induce insulin resistance. Therefore, it is possible that the combination of alcohol and high lipid content in the liquid diet can lead to insulin resistance. Our view is that in order to mimic human conditions (where lean, overweight and obese individuals consume alcohol), the effects of BW, alcohol consumption and their interaction must be studied separately. The unique aspect of our studies is that we separately studied the effects of body phenotypes (lean, overweight and obese) and alcohol consumption. Therefore, we show that obesity induces insulin resistance and that alcohol consumption decreases the insulin resistance induced by obesity. Hence, we show an animal model in which we can determine how alcohol consumption influences the insulin-signaling pathway in order to promote insulin sensitivity. The mechanism by which alcohol improves insulin sensitivity is not known. A proposed hypothesis to explain the means by which alcohol consumption improves insulin sensitivity suggests that alcohol mediates these effects by: (1) inhibiting gluconeogenesis (production of glucose by the liver); (2) decreasing inflammation; (3) increasing the production of factors that improved insulin sensitivity, such as adiponectin; and (4) increasing the production of insulin by the pancreas. Alcohol may inhibit gluconeogenesis in the liver by increasing the NADH (reduced-form of nicotinamide adenine dinucleotide)/NAD (nicotinamide adenine dinucleotide) ratio and the lactate/pyruvate ratio, which may lead to a reduction of blood glucose levels. 36 In the liver, alcohol is metabolized to acetaldehyde and acetate by the enzymes alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH); this process leads to the production of NADH from NAD. 36 High levels of NADH can inhibit the activity of the citric acid cycle, and thus the inhibition of gluconeogenesis. In fact, gluconeogenesis is inhibited by as much as 45% in individuals consuming alcohol. 36 However, in our studies, we did not measure the levels of NADH from NAD in the liver; their levels will be measured in future studies. Alternatively, alcohol consumption may stimulate insulin sensitivity by decreasing inflammation. 37 Inflammation is one of the main problems in obesity-induced insulin resistance. In a model of arthritis, Jonsson et al. [37] 37 showed that ethanol decreased inflammation, which was associated with amelioration of arthritis in alcoholAlcohol consumption promotes insulin sensitivity J Hong et al consuming mice. 37 Therefore, it is possible that alcohol improves insulin sensitivity by decreasing inflammation in tissues that regulate glucose metabolism, such as adipose tissue and skeletal muscle. However, the effects of alcohol on inflammation markers in these tissues have not been studied in detail. Then again, alcohol may affect adipose and skeletal muscle indirectly by inducing the production of adiponectin. 38 Adiponectin is an adipokine that is produced by fat cells, which stimulates insulin sensitivity in muscle and fat cells. 39 On the other hand, alcohol may stimulate insulin sensitivity by increasing the secretion of insulin. In an acute model of alcohol treatment, Huang and Sjöholm 40 showed that alcohol promoted secretion of insulin by the pancreas, and that the increase in insulin secretion was linked to increased insulin sensitivity in alcohol-consuming animals. However, these effects of alcohol need to be verified in a chronic model of alcohol consumption, such as ours. Conversely, alcohol consumption may promote insulin sensitivity by affecting all of the discussed parameters simultaneously.
In conclusion, we show that obesity induces insulin resistance, and that alcohol consumption, to some extent, overcomes the obesity-induced insulin resistance. Furthermore, alcohol consumption increased insulin sensitivity without affecting body fat levels, as body fat levels were similar in mice consuming the LF or HF diet and drinking either water or alcohol.
